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PROGRESS IN THE PHASE 0 MODEL DEVELOPMENT OF A STAR 
CONCEPT FOR DYNAMICS AND CONTROL TESTING 

Jessica A. Woods- Vedeler 
NASA Langley Research Center 
Sasan C. Armand 
SWALES Aerospace Corporation 

ABSTRACT 

The paper describes progress in the development of a lightweight, deployable passive Synthetic Thinned 
Aperture Radiometer (STAR). It is envisioned the spacecraft concept presented will enable the realization 
of 10 km resolution global soil moisture and ocean salinity measurements at 1.41 GHz. The focus of this 
work was on definition of an approximately 1/3-scaled Phase 0 test article (5 meter aperture) for concept 
demonstration and dynamics and control testing. In particular, design requirements and parameters for a 
dynamically scaled test model were established based on related Hill scale mission concepts. A trade study 
was performed to identify a multi-parameter, hybrid scaling approach. As part of this, it was shown via 
analysis that if the mass of the lightweight structural components is small within the overall system, the 
dominant parameter for dynamic scaling of thin shelled structural members is bending stiffness, El. Thus, 
the approach includes an El Scaling Approach that allows freedom to design the cross section of scaled 
model components most conveniently for manufacturing. In addition, initial analysis of the Phase 0 test 
model was conducted to optimize the geometry of the panel for optimal load distribution. Static and 
dynamic response analysis was conducted on analytical models of increasing fidelity in Og and lg. Finally, 
modifications to the existing low-frequency suspension system design were made to allow for testing the 
very lightweight test model. 

INTRODUCTION 

This paper describes progress in the concept definition of a lightweight, deployable Synthetic Thinned 
Aperture Radiometer (STAR) to enable the realization of 10 km resolution global soil moisture and ocean 
salinity measurements at 1.41 GHz from space. 

A high-level operational concept for such a STAR mission was defined in a previous study 1 by 
researchers at NASA Goddard Space Flight Center. In the study, a comparison was made between STAR 
antenna diameters and fields-of-view (FOV) required for single and dual spacecraft configurations at 
various orbital heights. An antenna with 17 m diameter and 37.2 deg FOV was selected in the study based 
on signal decorrelation limits and an instrument brightness temperature error budget of AT < 2K. The 
antenna would be one part of two spacecraft flying in formation at a 665km orbital altitude as shown in 
Table 1. 

STAR operates passively via interferometric aperture synthesis which was historically used by radio 
astronomers to map radio sources with high resolution via earth rotation synthesis 2 . In this approach, an 
array of microwave antenna elements is sparsely distributed over a large aperture. Thus, the thinned 
aperture radiometer has a collecting area of only 5-10% of an equivalent filled aperture and, as a result, an 
areal density (kg/m 2 ) an order of magnitude lower. For the soil moisture application, signals from receivers 
which operate at the L-Band frequency of 1.41 GHz are combined via complex correlation to coherently 
synthesize an antenna beam from which the science data is retrieved. 

The 17 m aperture STAR is the focus of the current scaled model development. As shown in Figure 1, 
the lightweight concept is a modified tetrahedral geometry with four lightweight, deployable columns 
emanating from a central hub. Column ends are connected via tension cables to enhance dimensional 
stability by increasing out of plane stiffness. Microwave sensing elements are supported on a tensioned 
panel. 

The overall objective of the current effort is to mitigate fundamental risks associated with integration of a 
sparse array of antenna and receiver elements onto a lightweight, tensioned platform that utilizes thin-shell, 
deployable structural elements. In order to meet this objective, a 1/3-scaled dynamics Phase 0 test article is 
being developed for concept demonstration and dynamics and control testing. The initial model will be 
non-deployable but will include lightweight structural elements to create a representative system. The test 
article will be used to develop methodology and design tools to actively and/or passively control structural 
shape variations of the ultra-lightweight, large aperture radiometer in order to maintain desired radiometric 
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performance. In this paper, progress in the development of the Phase 0 test article will be discussed. First, 
a strategy for selecting and evaluating intital parameters will be presented. Results from several other 
parallel studies that were conducted to refine the model definition will be presented. In particular, a study 
was conducted on section (1/3) models of the tensioned panel to optimize geometiy of the panel for the 
most uniform load distribution. Finally, a study to modify an existing low-frequency suspension system for 
use with lightweight models was performed. 

APPROACH 

The approach being used in this concept definition study is summarized in Figure 2. Initial design 
parameters were defined based on analysis of other STAR spacecraft concepts being considered for near- 
term flight and based on current assessments of radiometric system design specifications for the proposed 
10km STAR science mission 1 discussed earlier. Similarity laws were formulated via dimensional analysis 
of the equations of motion to enable dynamic scaling of the system parameters. Scaling criteria were 
established and trade studies were performed using the similarity laws to determine the best scaling 
approach for test model definition. A hybrid scaling approach was used in which subcomponents of the 
system may be scaled differently than the other system level parameters without introducing significant 
system level errors. In addition, an initial assessment of the 5-m test model static and dynamic 
characteristics was performed via hand calculation and non-linear finite element analysis (FEM) for models 
of increasing fidelity. Based on the results of this analysis and the scaling trade studies, design parameters 
were revised for further model development. 

INITIAL DESIGN PARAMETERS 

The goal of scaled model development is to define a physically realizable experimental model that is the 
physical representation of a full scale spacecraft. Typically, estimates of parameters describing the full 
scale spacecraft are available and may be used in formulating the design of the scaled test model. For 
newly innovated concepts, however, such full scale information is rarely available. Thus, parameter 
estimates must be derived from similar spacecraft and, in the case of far-term concepts like the lightweight 
STAR concept, from extrapolation of technology advancements to the future. 

Design parameters for two near-term STAR missions were identified. The first is the European Soil 
Moisture and Ocean Salinity (SMOS) Mission 3 and the second is a concept being proposed by NASA 
Goddard Space Flight Center (GSFC) 1 . Both concepts use a single spacecraft with deployable panels and 
sparsely distributed antenna elements for synthetic aperture synthesis. The elements are distributed along 
three arms which are deployed in a Y-configuration analogous to the lightweight STAR concept being 
developed in this study. Figures 3 and 4 show concepts of these platforms and Table 2 contains a few 
relevant system parameters for each mission. Key parameters for design of the test model include 
spacecraft mass and inertia, first modal frequency, sensing system mass, and radiometric requirements. Key 
initial design parameters are summarized in Table 3. 

Spacecraft Mass and Inertia 

As shown in Table 2, the mass of the antenna is about 57. 16% of the total spacecraft mass for the GSFC 
concept and 36.84% for SMOS. Thus, the dynamic behavior of the spacecraft and antenna arms is clearly 
coupled. Spacecraft maneuvers and environmental disturbances can induce such dynamic response which 
may interfere with operation of the attitude control system (ACS) if structural response frequencies are in 
the bandwidth of the controller. These physics can only be studied in the laboratory if the representative 
mass and inertia properties of the full spacecraft platform are included in the test article. Unfortunately, the 
spacecraft hub inertial properties for both spacecraft are unknown and an estimate is not yet available for 
the lightweight STAR concept. 

Thus, the focus of the Phase 0 model will be on developing control methods and architectures for 
modifying the structural shape and motion of the antenna and on simply understanding how to characterize 
and control the dynamics of a tensioned system. Because the model will be suspended, relative inertial 
properties of the spacecraft ‘hub' to the appendage arms will be considered. However, it will not 
necessarily be representative of the full scale, lightweight STAR until more definitive inertial information 
becomes available, perhaps, via additional system study. 
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First Modal Frequency 

The lowest modal response of the each reference spacecraft is assumed to be first bending mode of the 
long, narrow antenna arms. For the GSFC concept, the design requirement for this first frequency is 
specified as 0.5 Hz. The first frequency for SMOS is unavailable. Thus, a frequency of 0.5 Hz was used as 
an initial design target for the full scale STAR. The final frequency requirement to be used for the test 
model will depend on results of the scaling trade study. 

Sensing System Mass Estimate 

Technology is being developed to frilly integrate antenna sensing system elements and electronics 
directly into tensioned membranes and/or other lightweight panel structures. For example, a low loss, low 
mass band-pass filter antenna element with integrated receiving electronics is being developed for passive 
radiometry to eliminate the need for separate receiving electronics. 4 Antenna transmission and receiver 
elements are being developed for integration into tensioned membranes for active synthetic aperture radars 
(SAR). 5 6 Further, technology is being realized for miniaturization of power and communication systems 
and integration of such systems onto thin, lightweight structures. 

As near-term missions, the GSFC and SMOS full scale system designs do not include these smaller, 
lightweight antenna/receiver technologies. For instance, for the GSFC concept, the antenna elements (0. 1 
kg each) are each supported by receivers (0.25 kg each), and A/D converters (0.1 kg each). Each arm is 
defined by 6 panels and each panel has 13 antenna elements which are supported by power (1 kg each) and 
communications boxes (1 kg each). Power and data communication cabling is 1.97 kg per arm. Thus, the 
total mass of the sensing system is a substantial 49.07 kg per arm. This does not include the mass of the 
supporting panels or the panel deployment system. 

Thus, assumptions will be made for the lightweight STAR development. For an initial estimate, the full 
scale antenna/receiver element masses will be lumped together at 0.1 kg/integrated element until more 
definitive values can be obtained. Power/communication box mass will be assumed to be 0. 1kg as well. In 
addition, it will be assumed that the 17 m STAR has the same antenna element sizes and spacing as the 27 
m STAR since both operate at L-Band (1.4GHz). Thus, fewer elements would be required. The number of 
antenna/receiver elements per arm required is 49 and the number of panels 4, each with a 
power/communication element. This will lead to a total sensing element mass for the full scale antenna of 
5.3 kg which may still be equal to or exceed the entire lightweight spacecraft mass. 

Distributed mass due to power and communication systems will be assumed to be of secondary 
importance and not critical for meeting the objective of the Phase 0 model. This is due to the technology 
advances indicated earlier and because no information is available regarding the stiffness and geometry 
characteristics of such cabling. It is noted, however, that the effect of such systems on the dynamic systems 
should be considered in the future as the mass of such cabling can equal the mass of the lightweight column 
which supports it. This distributed mass and stiffness can have a dramatic impact on the system dynamic 
response. 

Radiometric Parameters 

Several issues related to dynamic scaling of ‘radiometric’ requirements must be addressed. 

The first is the relative positioning of antenna elements for maximum performance at the 1.400-1.426 
GHz band used for soil moisture measurements. According to Table 1, the GSFC Concept requires that the 
elements are spaced 0.8 A. apart for optimal radiometric performance. At 1400 MHz, the X is 0.21413 
meters. Thus, 0.8A is 0.171314m for the full scale GSFC antenna and the 17 m STAR since they both 
operate at the same wavelength. Thus, for a —1/3 scaled test article, the proportional distance is 0.05036 m 
or 5 cm apart. Further, in order to obtain sufficient bandwidth for soil moisture radiometry, the height of 
the radiating element above the ground plane for a typical microstrip patch is about 0.254 cm (0.1 inch). 
The width and length of the element are each approximately 15 cm. Assuming the same dimension for the 
17 m STAR, the dimension becomes 4.41 cm for a -1/3 (0.294) scaled test model. It is noted that this 
analysis does not represent a radiometric sub-scaling which would lead to a different result. Here, the 
scaling is structural and elements are represented by distributed lumped masses on the panel. 

The second radiometric parameter is the allowable surface deformation. This will establish a control 
objective for maintaining desired surface flatness in the presence of spacecraft disturbances. A root mean 
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square (rms) value of less than X/20 is reasonable with a goal of X/50. From Table 1, it is seen that for the 
GSFC concept, the allowable deformation at the end of one arm is + 10mm. To obtain the rms value, the 
antenna arm was assumed to be in the first mode shape deflection. Thus, the first mode deflection for a 
clamped free beam 7 scaled by a 10mm end deflection was used to compute an rms value of 5.05 mm or 
X./42. This is within the range indicated. Therefore, the rms value will be selected as X/50 or 4.3 mm. 
Assuming the same requirement for the 17m STAR, a rms surface shape requirement of 1.4 mm will be 
used for the scaled model. A requirement was not established for relative rotation between elements but 
may be included pending results of other research in electromagnetics. 

It is important to note that in a previous study 8 it was determined that rms alone is not the most effective 
indicator of antenna performance. When surface shape modifications are made, the performance metric 
must include decrements in overall antenna gain (dB) and on radiation side lobe levels (dB). At this time, 
the resources are not available to evaluate the antenna radiometric performance. Thus, for the Phase 0 
model, only rms will be considered as a performance metric. 

DYNAMIC SCALING 


In order to perform structural characterization of the STAR spacecraft, dynamic scaling was required 
since the dimensions of the full-size antenna exceeded laboratory space available for testing. Such scaled 
model development and testing has been performed for many years at NASA Langley Research Center for 
a variety of different aerospace applications, in all these cases, the significant structural dynamic 
characteristics are preserved between the full scale and reduced-scale models. This assures that the scaled 
model is a realistic physical representation of the full scale system. In this study, similarity laws were 
established and a design trade study was performed ensure that scaling laws lead to physically realizable 
structural components. 


Similarity Laws 


Similarity laws were defined by the same approach that was used to define a scaled dynamics and control 
model for the EOS AM-1 platform at NASA Langley Research Center. 9 10 11 In this approach, a dimensional 
analysis was performed on the dynamic equations of motion to establish simple scalar relationships 
between the full scale model and the scaled model. 

A scale factor is simply a scalar number based on similarity laws that describes a particular model 
characteristic relative to the full scale model. For instance, consider velocity. If the model dimension is 
scaled by one-half (A, L =0.5) and the frequency (1/seconds) is scaled by a factor of 0.5 (At ime - ^ = 2), then 
the derived scale factor (ie. similarity law) for velocity is given by 

^ _ ^reduced-scale 

^time * full-scale 

Thus, the velocity observed on the scaled model will be 0.25 that observed on the full scale model. A 
"specified” scale factor represents the scaling of a fundamental unit in the physical system. "Derived" 
similarity parameters are the result of such scaling. A derived scaling law can be obtained for any 
parameter associated with the physical system if scale factors are specified for all fundamental units in the 
system. 

For the case of dynamic scaling, the similarity laws are derived such that each term in the dynamic 
equation of motion given by (2) is multiplied by the same scalar coefficient. 

Mx + Cx + Kx = F (2) 

Thus, 

= = = ( 3 ) 

Each of the factors in (3) is either a specified similarity law or a similarity law derived from the specified 
values to satisfy (3). The same relation holds for the non-dimensional equation of motion as given by 


with 


x + 2qcox + co 2 x = 0 




(4) 


(5) 


4 



For the current study, similarity law equations were generated for a number of system parameters. A 
spreadsheet design tool was developed and was validated on scale factors generated for the EOS AM-1 
model design trade study. 7 Once similarity laws are established, several different scaling approaches can 
used for the system. One type of scaling that is typically used is replica scaling . Replica scaled models are 
geometrically similar to the full scale model and use exactly the same materials at similar locations. 9 The 
same materials as in the full scale model are used. Thus, for this type of model, X L is specified and is 
derived such that X p =l, where p is the effective density of the model. Another type of scaling is multi- 
parameter scaling. Multi-parameter scaling is the most general type of scaling in that each unit of the 
physical system has a specified scale factor. 

Scaling Criteria 

The art of scaling is in deciding which design parameters are important for adequately capturing the 
fundamental physics of interest in a reduced scale model. Typically, this is based on insight and experience 
of the designer. Sufficient parameters must be selected such that significant physical phenomenon is 
captured in the scaled model. Choosing too few leaves out important dynamics in the scaled model. 
However, selecting too many parameters could over constrain the problem, making it difficult to design a 
representative physical system. 

To facilitate making decisions about what parameters to use, it is important to keep in mind exactly what 
the goal of this model development is and make sure that the scaling parameters enable the design of a 
model to meet that goal. The goal is to design and build a dynamically scaled, non-deployable Phase 0 
model of the STAR for controls and dynamics testing. Specifically, the model will be used to develop 
methodology and design tools to actively and/or passively control structural shape variations of an ultra- 
lightweight, large aperture antenna to maintain desired radiometric performance. Thus, the set of 
parameters to be scaled must be sufficient to describe the physics essential to dynamics and controls 
testing. In addition, the set must include parameters that are useful in actually building key hardware 
components of a physically realizable test article. From this, two criteria were established to select scaling 
parameters. 

1. Parameters must fully describe fundamental physics of interest (specified) - Mass, length, time (ie. 
Frequency) and deflection were identified from dimensional analysis on the dynamic equations of motion 
to be the parameters which represent the fundamental physics of interest. 

2. Parameters must include design parameters of key components to be scaled (derived) - The key 
dynamic components of the test article are the columns and the panel. Bending Stiffness (El) is the key 
quantity describing elastic behavior of interest for these main structural components. The scale factors for 
this parameter are based on scale factors selected from the fundamental set of parameters and the scaling 
for El is considered a derived factor . Selecting a product of design parameters allow scaling without 
constraining specific design elements of components. For instance, element cross sectional characteristics 
or modulus may vary in an unsealed manner as long as the scale factor for El holds. This also allows for 
alternate lightweight column concepts with the same elastic behavior to be substituted in the model. If the 

panel is a thin plate, the plate bending stiffness, D = Eh 3 / 12(1 — v 2 ) can be used as a derived factor for 

scaling. Otherwise, if the plate is a thin membrane, panel tension, elastic modulus and, perhaps, Poisson’s 
ratio can be considered for scaling. Another key system parameter, particularly for rigid body spacecraft 
control, is Mass Moment of Inertia (Io). 

Scaling Trade Study 

Using the similarity law design tool developed, an extensive trade study was conducted to identify the 
scaling approach most suitable for designing the STAR test model. A number of both replica and multi- 
parameter scaling approaches were considered for V 2 and 1/3 scale models of the full scale 17-m STAR. 
The case selected was based on reasonableness of resulting scale factors and the expected ability' to achieve 
physical realization of the parameters. 

Key parameters for the selected case are summarized in Table 4. As indicated earlier, an approximately 
1/3 multiple scaling approach was selected in order to achieve a 5-m aperture test article size. In addition, 
the trade study results showed the benefits of scaling the factor of time since many parameters are affected 
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by this variation. Ultimately, A* was selected as 0.5, which leads to a ^ frcq =2. Thus, the test model has 
modal frequencies twice that which would be observed on the full scale STAR. 

Scaling of Lightweight Columns 

One of the challenges of dynamically scaling lightweight structural components is that the structures are 
characteristically very thin at full scale size and are typically an integral part of very large spacecraft 
concepts. Thus, using a linear geometric scaling approach for formulation of a reduced scale test article 
leads to unachievable thickness specifications for the lightweight structural components. 

An 4 EI’ Scaling Approach was developed as part of this study which attempts to resolve design 
difficulties associated with scaling lightweight, thin-walled columns which are subcomponents of a larger, 
more massive system. The method allows designers the freedom to select cross-sectional geometry most 
convenient for manufacturing without significant effects on system level dynamic behavior. In order for 
the El Scaling Approach to be applicable for scaling a lightweight structural component, the structural mass 
associated with it must be small relative to the overall system mass. In this case, variations in El of the 
lightweight structural component dominate effects due to changes in mass. Hence, small mass changes can 
be ignored and the El Scaling Approach is valid. A simple beam example is presented in the Appendix to 
show this concept. The designer, however, must define an acceptable level of frequency error and monitor 
variations in mass such that the subcomponent mass does not become a significant mass in the overall 
spacecraft system. As an example for the current system. Figure 6 shows the system level frequency error 
due to column mass variation for a system level model of the 5-m STAR to be discussed later. No variation 
in modal frequency was observed in modes 1-7. Only 5% percent error occurred in frequencies for modes 
8-10 due to 25% variation in column mass. Thus, the El Scaling Approach applies to the current model. 

Figures 7 and 8 show results for ^ E r=0.0299 from a design tool that was developed to explore the El 
Scaling Approach. All data presented is based on a baseline column thickness for the 5-m STAR test 
article of 3.05e-4m and column diameter of 0.127m. Note that in the case discussed, reverse scaling is 
used. Therefore, given initial parameters for the 5-m STAR test model, reasonable parameters for the full 
scale model are being sought and 1/X, EI is used. 

If E is changed by a factor, Figure 7 shows how diameter and thickness would have to vary in order to 
maintain the desired scale factor for El. Thus, when E is increased, the diameter must be smaller for a 
given thickness since I=p(D/2) 3 t where “D” is the diameter and “t” is the thickness 12 . Similarly, if the 
thickness is increased, a smaller diameter is needed. So, a range of cross-sectional properties are available 
for design while maintaining the desired . 

The impact on mass is shown in Figure 8. This diagram presents a ratio of mass per unit length between 
the scaled and unsealed models. Note that this is equivalent to a ratio of areas since the density is not 
scaled in the El Scaling Approach. The result of ignoring mass scaling is that the mass per unit length ratio 
varies from a decrease in mass per unit length of 0.87 to an increase of 29.9, depending on the thickness 
and diameter selected. Figure 8 correlates with Figure 7 and shows that the large mass increases are 
associated with increasing the thickness even though the diameter becomes smaller. 

An extensive trade study was conducted using the El Scaling Approach to define the most feasible 
column geometry for the 5-m STAR test model. A 6.4x10 2 m diameter column with 6.1xl0' 4 m thickness 
was selected. Using l/^ E i “ 1/0.0299, a full scale diameter of 25.8xl0' 2 m and a thickness of 3.05xl0* 4 m 
were selected as these dimensioned seemed realistically achievable in manufacture for the full scale STAR. 
The mass ratio calculated was a factor of 2.03 and increased column mass in the system by 11.49% of the 
overall system mass. 

Scaling of Tensioned Panel 

A similar hybrid scaling approach may be used for dynamically scaling the tensioned panel depending on 
whether the panel can be considered a membrane or a shell. In particular, for plates which have deflections 
many times larger than their thickness, the resistance to plate bending can be neglected. Thus, the flexural 
rigidity is ignored and the shell problem is reduced to that of a flexible membrane. 13 

For shells, a “D” scaling may be used which is equivalent to the El Scaling Approach. Since the plate 
bending stiffness, E, h (thickness) and v (Poisson’s ratio) are available to the designer for scaling as long as 
X D remains constant. A typical design curve is shown in Figure 9 for constant v. For the membrane case. 
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the dynamic behavior of tensioned membrane panel in system is stiffness driven via tension and elastic 
modulus. Small variations in mass due to changes in thickness or density can be neglected since the mass is 
relatively small within the overall system and the bending stiffness is effectively zero. Figure 10 shows 
that such mass variation in mass of a thin membrane has no effect on the system level dynamic response of 
the tensioned panel. 

In both scaling cases for the panel, the designer must define an acceptable level of frequency error and 
monitor variations in mass such that the subcomponent mass does not become a significant mass in the 
overall spacecraft system. In the case of the current STAR model, the panel design has not yet been 
finalized. It is apparent that a thin (0.5- 3 pm) tensioned panel will not support the estimated distributed 
sensing system unless fully integrated, low mass sensing system components are realized. Thus, at this 
point in the development, the panel is assumed to be a thin panel without instrumentation until a more 
realistic design refinement can be made. 

STRUCTURAL ANALYSIS 

Model Description 

Two FEM models were used in this study. The first model. Model 1 Version 3 (Ml V3) , had a hybrid 
lumped and distributed mass representation of STAR. The model purposefully does not include detail of 
the tensioned membrane beyond a tensioned cable representation. This allows an initial focus on the 
platform dynamic behavior without having to focus on resolution of computational issues associated with 
large area tensioned membrane structures. The second model. Model 2 (M2), had increased fidelity and 
included a 2000 degree-of- freedom (dof) tensioned panel. 

MSC.NASTRAN 14 software was used to perform FEM static and modal analyses with both shell and 
membrane representations of the panel. A non-linear large displacement solution approach was used to 
define the system stiffness matrix. The system was pre-tensioned using mechanical loads by sub- 
structuring the system and then applying loads. Sub- structuring is achieved by dividing the structure into 
tension/compression members. In this case, tension wires and the panel are divided into nine substructures 
each, for a total of 18 substructures. The columns are one substructure. Multi-Point Constraint (MPC) 
equations were applied for coincident nodes. For instance, translational and rotational displacements of a 
structural members are equal but opposite in sign to the ones of an adjacent members. Modal response 
analysis was performed by ‘restarting’ from the non-linear static analysis. 

Initial Static Loads Analysis 

Analysis was performed to evaluate static loads acting on the tensioned structure in both Og and lg. It is 
noted that since lightweight columns are designed primarily to support only axial compressive loads, a 
constraint was required such that the column was not subjected to a bending load at the equilibrium 
condition. Static loads analyses were performed via vector analysis on an inelastic structure and also using 
the FEM. Resulting loads are summarized in Table 5. 

Vector Analysis 

An initial estimate of static loads was hand-computed via vector analysis of a tensioned structure without 
applied gravity. The structure was assumed to be inelastic and was scaled 1/3 in the linear dimension. The 
analysis was performed by computing the vector sum of forces at each of the structure’s 6 nodes. Unit 
vectors were computed for each structural element, including ‘membrane’ cables. These unit vectors were 
used to compute a vector sum of forces at each node. The unbalanced reaction force was computed as the 
amount of force away from the axial load direction of the lightweight columns. The long cable tension was 
iterated upon until the unbalanced load was zero and static equilibrium was achieved at the hub. Tension in 
the ‘membrane' cables was assumed at a nominal value of 5N. Zero unbalanced load was achieved in the 
column when the short column has a 26.02 N compression, the long column had a 17.34 N compression 
and 13.25 N was in the long tension cables. 

FEM Analysis 
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Analogous static analysis was performed using the elastic FEM model in Og. The equilibrium solution 
was obtained by varying beam cable tension until there was no moment in the column due to loading. 
According to the static FEM analysis, at a panel tension of 5N, the short column has a 26.5 N compression, 
the long column has a 17.37 N compression load and there is 13.3 N in the long tension cables. These 
results are identical to those obtained for the inelastic structure via vector analysis. This not only verifies 
results but also indicates that little distortion of the elastic structure occurs due to such static loading. In lg, 
the system static loads increase to accommodate the uniform gravity loading as summarized in Table 5. 

Panel Geometry Trade Study 

An analytical tensioned panel trade study via FEM analysis was performed to identify a panel geometry 
with optimal tension distribution. The model used was a 1/3 ‘symmetric’ subsection of the tensioned panel 
without support structures since using only a subsection of the panel significantly reduced computation 
time and model complexity. In each case, only in-plane translation was constrained for symmetric 
boundary condition. Both shell and membrane models were evaluated where convergence could be 
achieved. Three geometries B, C, and E were considered and a single panel geometry was down-selected 
for further development. 

For Geometry B, it was observed that tension input at the panel attachment point was not evenly 
distributed and caused highly concentrated displacement along a line to the panel center. The geometry 
also caused increased panel center buckling in Og and unsupported edges in 1G, even with tension wires 
along panel edges. In general, small diameter tension wires along panel edges did not improve results but 
increased time for numerical convergence of the FEM solution. Results for Geometry B with 5N tension in 
the panel in lg and Og are shown in Figures 1 1, 12, and 13. 

For Geometry C, the edge tension wires caused uneven tension distribution in Og and increased panel 
center buckling in both lg (Tension Wire Diameter = 2.5e-6m) and Og (Tension Wire Diameter = 5e-5m). 
Without the edge tension wires, no center displacement occurred for the Og case and an even load 
distribution was observed for the lg case. Results for Geometry C are shown in Figures 14, 15, and 16. 

Geometry E results are shown in Figures 17 and 18. The results show that displacement in lg is 
dominated by normal translation. In Og, displacement is dominated by panel extension under tension load. 
In fact, the extension is so large that the 5N goal for tension in the panel could not be met due to strain of 
the panel exceeded geometric constraints. Only cases with the shell representation of the panel converged. 
High tension cases demonstrated lateral buckling for the thin panel material as shown in Figure 18. In fact, 
all static analyses for this geometry indicated that the panel is highly susceptible to wrinkling. Finally, all 
cases with cables along the panel edges diverged. 

In summary. Geometry C was down-selected for further development due to uniform load 
distribution observed in the panel analysis. 

Static and Dynamic Analysis 

The static responses of model M2 with a Geometry C panel are shown in Figures 19 and 20 for Og and 
lg, respectively. The zero center panel displacement in the Og case indicates an even distribution of the 5N 
tension in the panel. In lg, static center panel displacement is 0.0471m while the panel is under 5N tension. 
The displacement is 1% the antenna diameter. 

Modal response of the model in Og is summarized in Figure 21 and Table 6. The first mode is first panel 
bending. The second mode is in-plane torsion that involves the long columns of the model. Higher modes 
are repeated, each 3 times. For a comparative lg analysis, the model was initially constrained via a light 
spring at the base of the model. Modal response is shown in Figure 22. The first dynamic mode is an in- 
plane torsion. The second mode involves side flapping of the tensioned panel. Stiffening due to the 
addition of gravity has shifted the first panel bending mode to mode 4. 

SUSPENSION SYSTEM DESIGN TRADE STUDY 

A suspension system trade study was performed to evaluate the suitability of a currently available low 
frequency model suspension system used for dynamics and control testing. The current system is 
configured for test models which weigh two orders of magnitude higher (-500 kg) than the lightweight 
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STAR (<15 kg). For performance the evaluation, the suspension system was integrated with the Model 2 
and analyzed via FEM. 

Without modification to the system design, the first suspension system frequency occurred at 0.1 1 Hz as 
expected and the first panel mode occurred at 3.58 Hz. Nearly 60 'guitar string' modes occurred between 
these two frequencies. To eliminate the guitar string modes, an analytical configuration trade study was 
conducted. In this study, multiple independent suspension points, multiple suspension points with cross 
connections, a single suspension with multiple attachment points, added mass (2x model mass), and hybrid 
cables (steel and kevlar combinations) were evaluated. 

Results showed that a single point suspension with multiple attachment points minimized repeated 
frequencies due to suspension system dynamics. Added mass (2x model mass) significantly reduced 
number of low frequency modes of upper suspension system. The use of higher stiffness steel for lower 
suspension cables reduced combined model and suspension system dynamics. Distributed mass via an in- 
line massive 'bell' decreased modal activity in lower suspension cables. 

A hybrid cable system was selected with a 15 kg added mass suspended at 5 m above the test article as 
shown in Figure 23. The resulting configuration showed the fewest suspension system dynamics below the 
first flexible body frequency of interest and reduced interaction with the other low frequency flexible body 
modes. Modal frequencies for the suspended system are shown in Table 6. The first panel mode is at 
mode 20. 

Static loads on the suspended model are given in Tables 5. Panel center displacement of the suspended 
model under lg is 1 1.4 cm. Loads in both the long tension cable and short column increase by a factor of 
approximately 6 compared to the Og case. Long column compression increases by a factor of about 5. In 
Og, the long column bending moment is 0 n-m. The long column bending moment increases to -1.22 n-m 
for the 'Og to lg’ configuration which is supported only at the base of the model. For the three point 
suspension in lg, the maximum long column bending moment is 6.91e-l n-m. 

CONCLUSIONS 

In this study, initial design parameters were established and a hybrid scaling approach using multi- 
parameter scaling was selected for designing the reduced-scale test model parameters. A tensioned panel 
geometry was selected based on analysis on a 1/3 section of the tensioned panel for optimal load 
distribution. Static and dynamic analysis was performed on the scaled test model to characterize the 
structural behavior of the system in Og and lg environments. A modification required to enable a current 
low-frequency suspension system to be used for testing extremely lightweight test articles (<15 kg) was 
analyzed. In summary, initial analytical studies show that the scaled model development of a 17m STAR is 
feasible. 
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Figure 1. Pro-Engineer Model of STAR in Fully Deployed State 
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Figure 2 Methodology of Phase 0 Scaled Model Development 
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(a) Deployed Spacecraft 




(b) Single arm of antenna with 
deploying panels. 


Figure 4 European Soil Moisture and Ocean 
Salinity (SMOS) Mission on Proteus Platform 


Figure 3 NASA GSFC STAR Concept with 
Deployable Panels 
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Figure 5 Radiometric Element Distribution on Single Panel Arm 
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Figure 6. System Level Frequency Variation with 
Column Mass Change 
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Figure 8 Mass Per Unit Length Variation for 
A. E i= 0.0299 with Elastic Modulus and Thickness 
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Figure 9 “D” Scaling for Shell Panel (A.d = 0.1 195) 
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Figure 10 Variation of First Panel Mode Frequency in 
Og with Changes in Mass of Membrane (M1V3) 



Figure 1 1 Panel Geometry B : Panel Subsection 



a) Og 



b) lg 

Figure 12 Total Displacement of Panel Geometry B 
under 5N Tension w/ Edge Cables 



b)lg 

Figure 13 Total Displacement of Panel Geometry B 
under 5N Tension without Edge Cables 
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b) Second Mode: 1.63 Hz 
Figure 20 First 2 modes of the 5-m model in Og 



Figure 21 Static Displacement of the 5-m model in Og 
to lg showing 0.0471 m panel center displacement 


a) First Mode: 1.63 Hz 


b) Second Mode: 2.62 Hz 



c) Fourth Mode: 2.7 Hz 

Figure 22 First 3 modes of 5-m model in Og to lg 



a) 1 st Mode: 0. 1 32 Hz Kevlar Cables Top and Bottom 
15 kg Mass Bell (0.001m thick) 
b) 1st Panel Mode 8 3.695 Hz* 

Figure 23 Modal Results for Single Suspension with 
Multiple Attachment Points 

Table 1 STAR Science Mission Concept 
Complete Global Mapping within 
the revisit time interval without 
data gaps 

3 Day Revisit Time 

Dual Spacecraft 

666 km Orbit Altitude 

17.2 m diameter aperture 

AT= 0.76 K (assumes pixel averaging) 

Spatial Resolution: 10km (edge) and 

8.21km (nadir) 

Soil Moisture Retrieval Accuracy of 
4% volumetric or better >= 65% of 
land surface 

Mission life of 2 years or longer 
1.41 GHz 


Table 4 Selected and Derived Scale Factor for Full to 
Reduced Scale Models 


Parameter 

1/3 Multi- 
Scaled 

Selected Factors 


Mass (Weight), A,m 

0.294 

Length, X\ 

0.294 

Time (1/freq), Xt 

0.5 

Deflection, Xx 

0.294 



Derived Factors 


Bending Rigidity, El 

0.0299 

Plate Bending 
Stiffness, D 

0.1195 












Table 2 STAR Soil Moisture Measurement 


Spacecraft Desi gn Parameters 



GSFC 

Concept 

European 

SMOS 

Launch Date 

2008 

2006 

Horizontal Measurement 
Resolution (km) 

10 

50 

Aperture Diameter (m) 

27 

6.75 

Anntenna Mass (kg) 

301 

175 

Spacecraft Total Mass 
(kg) 

526.6 

475 

Number Sensing Elements 
Per Arm 

78 

24 

Linear Spacing of Sensing 
Elements (m) 

0.8X 

n/a 

First Frequency (Hz) 

0.5 

n/a 

Max Tip Deflection (m) 

+ 10 mm 

n/a 

Areal Density (kg/m A 2) 

0.53 

4.89 


Table 3 Key Initial Design Specifications 


Dimension 

Reduced Scale 

Full Scale 

Aperture Size (m) 

5 

17 

Long Column (m) 

2.89 

9.81 

Short Column (m) 

0.72 

2.45 

Avg. Column Diameter (m) 

0.064 

0.258 

Wall Thickness (m) 

6.10E-04 

3.05E-04 

Mass 



Hub (kg) 

1.00 

3.40 

Panel Nodes (kg) (Total) 

2.00 

6.80 

Panel (kg) 

0.30 

1.02 

Long Column (kg) 

0.29 

1.99 

Short Column (kg) 

0.07 

0.50 

Mass w/o Sensing System 

4.6 

18.92 

Mass w/ Sensing System 

6.15 

24.22 

Areal Density (kg/m2) 

0.31 

0.11 j 

A750 RMS (mm) 

1.4 

4.3 


Appendix: Cantilever Beam Example 

The transverse vibration of a slender beam with 
distributed mass and a concentrated tip mass is 
analyzed. A diagram of this system is shown in Figure 
A-l. The approximate first frequency of vibration of 
this system is given by 


f 1 (Hz) = T 

1 7 271 


3EI 


Y'2 


L 3 (M + 0.24M b ) j 


(A-l) 


In [4] this relation was indicated to be within about 1% 
of the exact solution. Parameters for this problem are 
given in Table A-l. The beam is assumed to be a thin- 
walled cylinder. Thus, the cross-sectional inertia, I, is 

approximated by I = 7tR 3 t and the cross-sectional area 
by A = 27cRt 9 . 


Table 5 Static Loads on 5-m STAR 


Maximum Tension Load (N) 


Element 

0g 

Og to lg* 

lg suspended 

Panel 

5.0 

12.3 

5.0 

Long Column 

-17.4 

-23.3 

-86.0 

Short Column 

-26.5 

-59.2 

-152.0 

Long Cable 

13.3 

9.4 

81.0 

Panel Center 
Displ (cm) 

0.0 

-4.7 

-11.4 


* low stiffness attachment at base 


Table 6 Modal Frequencies of 5-m STAR 


Frequency (Hz) 

0g 

Og to lg* 

lg suspended 

Mode 1 

1.59** 

1.63 

0.127 

Mode 2 

1.63 

2.63 

0.127 

Mode 3 

2.88 

2.63 

0.238 

Mode 4 

2.88 

2.7** 

0.26 

Mode 5 

3.15 

3.38 

0.26 

Mode 6 

3.15 

3.38 

1.42 

Mode 7 

3.22 

3.98 

1.42 

Mode 8 

4.11 

4.03 

1.42 

Mode 9 

4.11 

4.03 

1.45 

Mode 10 

4.4 

5.15 

1.45 

| Mode 20 


3.71** 


* low stiffness attachment at base 
** first panel mode 


In this example, the tip mass was varied for a range 
of column masses that could be obtained for the given 
single cross-sectional geometry via material density 
variations (mass per unit length of 0 to 0.2 kg/m). Tip 
masses used were 1, 10 and 50 kg. The first frequency 
for each configuration was calculated via (A-l). For 
each tip mass case, the frequency computed using 0 kg 
column mass was considered as baseline and ratios of 
frequencies compared to this baseline were computed 
as column mass increased. 

Figure A-2 shows that the frequency ratio is 
decreased by about 1% as the mass ratio of column to 
tip masses approaches about 8.5%. Since the three cases 
presented are based on three different values of tip 
mass, the result is independent of the absolute column 
and tip masses but rather dependent on their ratio. Thus, 
for this example, 8.5% is a good upper limit estimate 
for when the El Scaling Approach could be used to 
scale the lightweight structural element. While this 
example is simple, the upper limit may be generalized 
to more complex structures with small mass ratios 
between lightweight structural components and the rest 
of the system. A more conservative estimate might be 
6 - 8 %. 

However, the designer should understand and 
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perhaps bound frequency error due to mass changes for 
each unique system. The acceptable level of frequency 
error may be a function of factors such as how closely 
space modes are, whether modal switching occurs with 
parameter variation, or if scaled model resolution is 
specified. 

In summary, this analysis shows that if the criteria for 
X E i can be met via a variation in the cross-sectional 
thickness and column diameter, the mass variation due 
to such changes can be regarded as insignificant when 
the ratio of the lightweight component mass to the 
system mass remains low. Furthermore, the thickness 
and column diameter do not need to be linearly scaled 
by the same factor as the rest of the structure as long 
as is met. This provides the freedom required for 
the designer to choose thickness, diameter, elastic 
modulus and column material density that can be most 
reasonably used for the development of dynamically 
scaled test-articles. Further, this approach is more 
viable than the constant thickness approach as it 
preserves a key dynamic characteristic of the structural 
element rather than discarding both stiffness and mass 
considerations. 


L, . u 


M 


M b 



Figure A-2 Frequency Ratio as a 
Function of Mass Ratio 


Table A-l Parameters for Beam Example 


Parameter 

Value 

L(m) 

5 

P (kg/m 3 ) 

822.3 

Thickness of 
Column (m) 

3.05E-04 

Diameter of 
Column (m) 

0.127 

Modulus of 
Elasticity, E (Pa) 

1.38E+10 


Figure A-l Slender Beam with Distributed Mass and 
Concentrated Tip Mass 
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